The authors propose a novel use of complete complementary (CC) sequences for increased spectral efficiency in a multiple-input-multiple-output (MIMO) code division multiple access (CDMA) system. The new method overcomes many of the problems and limitations persistent in single-input-single-output (SISO) and proves that under the proposed MIMO CC-CDMA system, the capacity for the number of supported users increases linearly by the number of transmitters. The paper also shows that the MIMO CC-CDMA system demonstrates a superior performance over those using traditional Walsh spreading sequences (Walsh-CDMA). Results include the bit error rate comparison for CC-CDMA frequency selective fading channels and that of the Walsh-CDMA under flat fading channels.
Introduction
The new paradigm of multiple-input-multiple-output (MIMO) is a promising approach that can lead to significant bandwidth efficiency. The high spectral efficiency can be achieved by transmitting different signals on different transmit antennas simultaneously using the same frequency channel in conjunction with multiple receive antennas under an appropriate receive scheme [1, 2] .
The spectral efficiency can be exploited in MIMO systems depending on a number of phenomena, including received power, noise, and co-channel interference. However, the multi-dimensional statistical behaviour of the MIMO fading channel is most significant to the system performance and also supports spatial multiplexing (SM) [3] . When used in conjunction with the vertical Bell Labs layered space time (VBLAST) that uses the same spreading sequence to transmit independent data streams from different antennas termed 'sequence re-use', the data rate increases, under narrowband and flat fading channel conditions M times, where M is the number of transmit antennas [4, 5] .
However, using the code division multiple access (CDMA) with the commonly used Walsh sequences and VBLAST multi-user detector (MUD) suffers from high level multiple access interference (MAI) and significant inter-symbol interference (ISI) in wideband and frequencyselective fading channels resulting in severe degradation in system performance [6] . This is due to the corrupted initial orthogonality between Walsh sequences at the de-spread stage at the receiver. Many solutions have been proposed to overcome this problem resulting in higher complexity. Some of these include:
(i) linear-chip equalisation combined with multiple nonlinear parallel interference cancellation (IC) [7] ; (ii) CDMA combined with orthogonal frequency division multiplexing (OFDM), which is capable of delivering high data rates in multipath environment by largely eliminating the effects of ISI [8] . However, owing to inter-carrier interference (ICI) in OFDM mobile communication systems, the bit error rate (BER) of the received signals is extremely sensitive to Doppler frequency shifts and carrier synchronisation errors [9] ; (iii) Using alternative spreading sequences that exhibit resilience towards multipath time-dispersive effects. To this end, CC sequences have been considered [10] as a candidate for multi-carrier CDMA, offering much higher spreading efficiency (SE), a MAI-free operation in both down-link (synchronous channel) and up-link (asynchronous) and the ability to support multi-rate service with a low complexity rate-matching algorithm. This however only applies to singleinput-single-output (SISO) systems with very few supported users. This is due to a restriction imposed on the length of the CC element sequence (K CC ) by manageable signal levels in the required multilevel (2 Â K CC +1) digital modem. This paper presents a new MIMO CC-CDMA system to overcome the aforementioned major limitations. Our MIMO CC-CDMA system applies the SM technique but instead of repeating a single sequence on different antennas its sets of CC sequences are reused on different transmit antennas to spread independent data streams. This technique, called 'set re-use', has the following benefits: (i) increasing the maximum number of supported users, which is no longer limited by the manageable signal levels in the digital modem, as shown in Table 1 ; (ii) by reducing the length of the CC element sequence and using multiple antennas in the MIMO CC-CDMA, it may be also possible to reduce the peak-to-average power ratio (PAPR), and hence, the increased power efficiency of the power amplifier, meaning that the average radiated power is reduced in order to avoid the nonlinear distortion of transmitted signal [11] . Table 1 shows how the proposed MIMO CC-CDMA enables us to increase the number of supported users, while maintaining the signal level, or equally to reduce the required modem complexity while maintaining the same number of users.
The rest of this paper is organised as follows: Section 2 presents, firstly, the generation of CC sequences, and then explains the ideal correlation properties of CC sequences compared to those of Walsh and Gold sequences. This comparison provides an indication of the likely system interference and forms the basic criteria for the selection of CC spreading sequences for wideband MIMO CDMA mobile systems. Section 3 presents the general model of the proposed MIMO CC-CDMA system and followed by a detailed example of 2transmit-2receive (2,2) CC-CDMA system. This includes a detailed description of how MAI, ISI and spatial interference (SPI) cancellation is achieved. Section 4 provides the simulation parameters for two comparable CC-CDMA and Walsh-CDMA simulation models, and the simulated BER performance. Finally conclusions are presented in Section 5.
Complete complementary sequences sets
The origin of CC sequences can be traced back to the 1960s, when Turyn [12] and Taki et al. [13] described a class of binary sequences, whose elements are either À 1 or +1, and whose auto-correlation function is zero for all even (2-mulitple) shifts except the zero shift. These sequences have been called even-shift orthogonal sequences. Suehiro [14] extended the concept to the generation of CC sequence families/sets whose auto-correlation function is zero for all even and odd shifts except the zero shift and whose crosscorrelation function, for any pair, is zero for all possible shifts. According to [14] in order for N sets, each made up of N sequences, to be CC sequences of order N they must satisfy: (i) the sum of the N auto-correlation functions, for each set, is zero for any shift, except the zero shift (this set is called 'auto-complementary sequence of order N'); (ii) the sum of the N cross-correlation functions, between two sets of N sequences, is zero for any shift (each of these two sets is called 'cross-complementary sequence of order N').
Generating CC sequences of order N using cross-orthogonal sequences of length
CC sequences can be constructed using Hadamard matrices [5] , such as an N-dimensional orthogonal matrix A N , which is generated recursively using the Kronecker product of a core matrix A 2 (2 Â 2) and A n/2 matrix as shown in (1) and (2) .
where
The following steps are used to generate CC sequences of length N 2 :
Constructing an auto-orthogonal sequence of length N 2 . Let D be a sequence of length N 2 that is constructed by linking all rows of a Hadamard matrix A N (N Â N), which is given in (2 Table 2 shows a selected number of the eight sets of CC sequences (the first two sequences of each set), for a set size 8 and sequence length 64. These sequences are generated using an 8 Â 8 Hadamard matrix given in (6) . 
CC sequences correlation properties
CC sequences exhibit the following fundamental differences compared to traditional CDMA spreading sequences such as (Gold sequences, m-sequences, Walsh Hadamard sequences, etc):
The mutual orthogonality of CC sequences is observed between 'sets' (sets of element sequences) instead of between single element sequences as for other spreading sequences such as Gold and Walsh sequences. In other words, for the proposed CC-CDMA system every user will be assigned one set of sequences, where the total number of available sets is defined as
where, j ¼ 1, 2, y is a positive integer. CC sequences exhibit unique correlation properties with zero cross correlation and zero out-of-phase autocorrelation are ensured for any relative shifts between two sequences. The auto-correlation function (c XX i ð Þ) of a set X of CC sequences is defined, in (8) , as the sum of the auto-correlation functions for all element sequences in X c XX ðiÞ ¼
) is the number of element sequences per set. k ¼ 1, 2, y, K CC and i ¼ 0, 71, 72, y, 7(K CC À 1) is an integer that represents the number of cyclic shifts (given by chip-period t C ) for each element sequence, and w n (k) is the kth chip of the nth element sequence. From (8) , it can be seen that c XX (i) equals zero for all time shifts except the zero-shift, thus indicating the possibility of reduced level of ISI in multipath fading channels.
For CC sequences the cross-correlation function (c XY (i)) between two consecutive CC sets X and Y is defined in (9) as the sum of all cross-correlation functions between any pair of element sequences in those sets.
From (9), it is noted that c XY (i) equals zero for all time shifts, which indicate a high reduction in the MAI between different CC sequences that belongs to different users. It is assumed that the relative delay between multipaths takes multiple chips. However, if this assumption does not hold it can be shown that the resultant MAI level is far less than that of traditional CDMA systems [10] . It is appropriate to refer to sequence sets which satisfy (8) and (9) Comparing (8) and (9) to the three possible values Àt n ð Þ; À1; t n ð Þ À 2 of the auto-correlation and cross-correlation functions, indicated in [15] , for a set of N þ 1 Gold sequences [16] of length N ¼ 2 n À 1. These values are given by
for n even ð10Þ
From above comparison, one can expect the performance of a CC-CDMA system to surpass that of Gold-CDMA. This observation agrees with results obtained in [10] . Other sequences, which are of great interest in synchronous spread spectrum networks, are the m-sequences, since the correlation value between different shifts for each m-sequence is almost zero. However, the m-sequences may still be prone to large crosscorrelation values. Walsh obtained the following lower bound on the cross-correlation values between any pair of binary sequences of period T in a set of M sequences [15] Since each user in the proposed CDMA system is assigned a signature sequence comprising a set of element sequences, as shown in Table 2 , the processing gain of the CC sequences equals to the aggregate length of all element sequences in a set and can be given by
Those element sequences can be sent to the receiver either using parallel multi-carrier (MC) transmission mode, where all element sequences are transmitted using different carriers or using serial transmission mode, where all element sequences are sent using the same carrier. In this paper, a synchronous serial-transmission mode is adopted. Figure 1 shows a block diagram of the proposed (M, P) MIMO CC-CDMA system model, where M and P represent the number of transmit and receive antennas. At the transmitter, information bits are de-multiplexed into M parallel streams. Each stream is modulated then further de-multiplexed into F parallel sub-streams, as shown in (13) 
MIMO CC-CDMA system model
where b ðm;f ; jÞ represents the jth symbol, ( j ¼ 1, 2, y, K CC ) that will be spread using the element sequences of the f th set. Finally the spread signals are summed and normalised, with respect to the signal energy, before being simultaneously transmitted over M antennas. The transmitted signal over the mth antenna is given by
The multipath channel impulse response is given by
where h p;l;m is the channel coefficient, with zero mean and Rayleigh fading distribution, for the sub-channel between the pth receive antenna and mth transmit antenna over the lth multipath (where l ¼ 1, 2, y, L). The received signal at the pth antenna is given by Note that for the simplicity of the following derived equations, the noise power s 2 is assumed to be zero. At the receiver, signals at each antenna are de-spread using F set correlators then normalised with PG CC . Consider an (F Â P) To explain the iterative operation of each MUD a detailed example of (2, 2) antenna CC-CDMA system with K CC ¼ 4 chips and F ¼ 2 sets, is illustrated in Figs. 3 and 4 , using the block diagram of the receiver and the flowchart of MUD operation, respectively.
At the 1st iteration ( j ¼ 1) and from (17) and (18) 
where x fp is the output of the fth set weighted by the pth channel matrix that corresponds to the pth receive antenna. The multipath components of the 1st set which form the inputs of the 1st ZF-VBLAST detector [4] are given by
where y fm is the mth input of the fth ZF-VBLAST. The VBLAST algorithm requires the M-by-M set-channel correlation matrix defined as
where H is a Hermitian symmetric matrix and S f is the L-by-L set correlation matrix for the fth set. The (i, j)th element of S f is the inner product of the i chip-delayed set with that of the j chip-delayed set. For example, assume L ¼ 2 multipaths, with the delay of the l ¼ 1 multipath relative to the l ¼ 2 multipaths is a single chip, then and from (8) and (9) S f ¼
Equation (21) indicates that by using CC sequences (which have ideal correlation properties) S f is simplified to an identity matrix, which in turn reduces the complexity of calculating R f as in (21). The reduction of S f into an identity matrix also translates into cancellation of multipath interference, which implies that the VBLAST detectors now operate under flat fading channel conditions. This results in performance achieving a large fraction of the MIMO channel capacity [17] . The channel correlation matrix used in the ZF-VBLAST detector transfer the channel condition from frequency selective to flat fading, hence, the performance of 
b ðm;f ; jÞ Â h ðp;1;mÞ ð25Þ
In order to eliminate ISI of the next detection stages, signals in (25) are subtracted from those in (17) at the ( j+1)th iteration to give the following
The iterative operation of the MUD is repeated for K CC iterations.
4
Simulation models and numerical results Table 3 provides the simulation parameters for comparable (2, 2) CC-CDMA and Walsh-CDMA system models. The multipath channel model is set up with the following assumptions and parameters: (i) a frequency-selective Rayleigh fading distribution [18] and uncorrelated fading between the antenna pairs; (ii) perfect channel estimation; (iii) each sub-channel has L ¼ 2 components with the 2nd path delayed by t C . The average-power ratio between the two paths is defined as channel-power-ratio ðCPRÞ ¼ 2nd path power=1st path power ð Þ ð 27Þ
The simulations assume an ideal modulation and demodulation process leaving the effects of multilevel carrier modulation and demodulation as a topic of future study.
Results shown in Fig. 5 are twofold: first, although the BER performance of Walsh-CDMA out performs that of CC-CDMA, for CPR ¼ 0 dB when SNR is under 8 dB and for CPR ¼ À 3 dB when SNR is under 6 dB, CC-CDMA illustrates a dramatic improvement in performance over the Walsh-CDMA system to such an extent that the CC-CDMA performance at CPR ¼ 0 dB has only a mere 3 dB degradation from the Walsh-CDMA operating at a CPR ¼ À infinity dB. Second, although a drop in performance (E6 dB) for a CC-CDMA system operating at CPR ¼ 0 dB compared to the case for flat fading channels, no IBER is present for any of the CPR values owing to the novel combination of CC sequences and the MUD, proposed in this paper, which effectively mitigate the effect of MAI, ISI and SPI sources.
The degradation in CC-CDMA performance is due to the use of a simple low-complexity single-looped recursive filter, at the feedback stage shown in Fig. 2 , which while trying to cancel the ISI, between received data sub-streams caused by the time-dispersive effect of a frequency-selective fading channel, it does not cancel the noise. This results in the error propagation problem associated with the SIC algorithm [19] . Note that results in Fig. 5 are consistent with those obtained in [10] .
A more advanced SIC is likely to result in less degradation in system performance for low SNR. Figure 6 illustrates a comparison in BER performance for CC-CDMA using K CC ¼ 4, and 16. The results obtained are threefold: first, approximately similar flat fading (CPR ¼ À infinity dB) performance; second, the resilience of CC-CDMA systems to an increased number of users (K CC ¼ 16), when operating in frequency selective fading channels (CPR ¼ 0 dB), with E1 dB degradation compared with K CC ¼ 4; finally, the results highlight the possibility of creating a multi-rate and multi-user system that offers variable HDR services without compromising the acceptable error rate levels in the system [20] .
Conclusions
In this paper a novel and practical MIMO CDMA architecture based on CC sequences has been proposed and simulated for different numbers of users and channel profile using BER as a measure of system performance. The results achieved are twofold. First, the proposed MIMO CC-CDMA system overcomes the problem associated with the low user-capacity of SISO CC sequences, by using the 'set re-use' technique that supports multi-user transmission mode of up to M Â F users in a MIMO antenna, or M times higher total data rate compared to a SISO CC-CDMA system. Secondly, the MIMO CC-CDMA system significantly outperforms the traditional MIMO Walsh-CDMA systems in a frequency-selective fading environment with BER performance of MIMO CC-CDMA in frequency selective fading approaching that of MIMO Walsh-CDMA in flat fading channel conditions. Overall this work highlights the significant opportunities that are presented to designers of MIMO systems by utilising the inherent properties of CC sequences.
